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(57) ABSTRACT 

An imaging system including a radiation source (110) that 
emits poly-chromatic radiation that traverses an examination 
region and a detector (116) that detects radiation traversing 
the examination region and produces a signal indicative of the 
energy of a detected photon. The system further includes an 
energy discriminator (122) that energy resolves the signal 
based on a plurality of different energy thresholds, Wherein at 
least tWo of the energy thresholds have values corresponding 
to at least tWo different K-edge energies of tWo different 
elements in a mixture disposed in the examination region. The 
system also includes a signal decomposer (132) that decom 
poses the energy-resolved signal into at least a multi K-edge 
component representing the at least tWo different K-edge 
energies. In one instance, a stoichiometric ratio of the tWo 
different elements in the contrast agent is known and substan 
tially constant. 

17 Claims, 4 Drawing Sheets 
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K-EDGE IMAGING 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

This application claims the bene?t of US. provisional 
application Ser. No. 61/078,575 ?led Jul. 7, 2008, Which is 
incorporated herein by reference. 

The following generally relates to K-edge imaging. While 
it is described With particular application to computed tomog 
raphy (CT), it also relates to other medical imaging and 
non-medical imaging applications. 
A conventional computed tomography (CT) scanner 

includes an x-ray tube mounted on a rotatable gantry opposite 
one or more detectors. The x-ray tube rotates around an 
examination region located betWeen the x-ray tube and the 
one or more detectors and emits polychromatic radiation that 
traverses the examination region and a subject and/or object 
disposed in the examination region. The one or more detec 
tors detect radiation that traverses the examination region and 
generate a signal or projection data indicative of the exami 
nation region and the subject and/or object disposed therein. 
The projection data is used to reconstruct volumetric image 
data thereof, and the volumetric data can be used to generate 
one or more images of the subject and/or object. The resulting 
image(s) includes pixels that typically are represented in 
terms of grey scale values corresponding to relative radioden 
sity. 
The grey scale values re?ect the attenuation characteristics 

of the scanned subject and/or object, and generally shoW 
structure such as anatomical structures Within a patient, 
physical structures Within an inanimate object, and the like. 
HoWever, since the absorption of a photon by a material is 
dependent on the energy of the photon traversing the material, 
the detected radiation also includes spectral information, 
Which provides additional information such as information 
indicative of the elemental or material composition (e.g., 
atomic number) of the tissue and/or material of the subject 
and/or object. Unfortunately, conventional CT projection 
data does not re?ect the spectral characteristics as the signal 
output by the one or more detectors as proportional to the 
energy ?uence integrated over the energy spectrum. In spec 
tral CT, the spectral characteristics are leveraged to provide 
further information such as information indicative of elemen 
tal composition. 
A spectral CT system may include an energy resolving 

photon counting detector such as a direct conversion CZT 
detector (or CdTe, Si, GaAs, etc) that produces an electrical 
signal for each photon that it detects, Wherein the electrical 
signal is indicative of the energy of that photon. A pulse 
shaper processes the signal and produces a voltage or current 
pulse With the peak amplitude indicative of the energy of the 
detected photon. A discriminator compares the amplitude of 
the pulse With one or more thresholds that are set in accor 

dance With different energy levels. A counter counts, for each 
threshold, the number of times the amplitude exceeds the 
threshold. A binner bins or assigns a detected photon to an 
energy WindoW based on the counts. The resulting energy 
resolved detected photons provide information that can be 
used for spectral reconstruction of the signals for the detected 
photons. 

K-edge imaging leverages the fact that high-Z elements 
tend to attenuate photons to a much higher extent above a 
particular energy, the K-edge energy of the given element, 
relative to attenuating photons just beloW the K-edge energy. 
The discontinuity in the attenuation behaviour of the element 
can be detected using an energy resolving photon counting 
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2 
detector such as the one noted above. Generally, since the 
K-edge of iodine is located at a rather loW energy of around 33 
keV, iodine is not Well suited for K-edge imaging When the 
total attenuation is large and the x-ray spectrum is hardened 
considerably upon passage through the patient. One Way to 
improve the sensitivity is to use an element With higher Z than 
iodine such as gadolinium, Which has a K-edge at around 50 
keV. Beam hardening at this energy is much less important 
and yields relative good results even for high attenuation. 

HoWever, there is an unresolved need to further improve 
the sensitivity in K-edge imaging. 

Aspects of the present application address the above-ref 
erenced matters and others. 

According to one aspect, an imaging system includes a 
radiation source that emits poly-chromatic radiation that 
traverses an examination region and a detector that detects 
radiation traversing the examination region and produces a 
signal indicative of the energy of a detected photon. The 
system further includes an energy discriminator that energy 
resolves the signal based on a plurality of different energy 
thresholds, Wherein at least tWo of the energy thresholds have 
values corresponding to at least tWo different K-edge energies 
of tWo different elements in a mixture disposed in the exami 
nation region. The system also includes a signal decomposer 
that decomposes the energy-resolved signal into at least a 
multi K-edge component representing the at least tWo differ 
ent K-edge energies. 

In another aspect, a method includes detecting poly-chro 
matic radiation emitted by a radiation source that traverses an 
examination region and generating a signal indicative of the 
energy of a detected photon. The method further includes 
energy-resolving the signal based on a plurality of different 
energy thresholds, Wherein at least tWo of the energy thresh 
olds have values corresponding to at least tWo different 
K-edge energies of tWo different elements of a mixture dis 
posed in the examination region, Wherein a stoichiometric 
ratio of the tWo different elements of the mixture is knoWn. 
The method further includes decomposing the energy-re 
solved signal into at least a multi K-edge component repre 
senting the at least tWo different K-edge energies. The method 
further includes reconstructing a multi K-edge image based 
on the multi K-edge component and the stoichiometric ratio 
to generate volumetric image data indicative of the tWo dif 
ferent elements. 

In another aspect, a computer readable storage medium 
containing instructions Which, When executed by a computer, 
cause the computer to perform the steps of: detecting poly 
chromatic radiation traversing the examination region; pro 
ducing a signal indicative of an energy of a detected photon; 
energy discriminating the signal based on a plurality of dif 
ferent energy thresholds, Wherein at least tWo of the energy 
thresholds have values corresponding to at least tWo different 
K-edge energies of tWo different elements disposed in the 
examination region; and decomposing the energy-resolved 
signal into a multi K-edge component representing the at least 
tWo different K-edge energies. 

Still further aspects of the present invention Will be appre 
ciated to those of ordinary skill in the art upon reading and 
understand the folloWing detailed description. 
The invention may take form in various components and 

arrangements of components, and in various steps and 
arrangements of steps. The draWings are only for purposes of 
illustrating the preferred embodiments and are not to be con 
strued as limiting the invention. 

FIG. 1 illustrates an imaging system. 
FIG. 2 illustrates an example pulse energy discriminator. 
FIG. 3 illustrates an example component decomposer. 
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FIG. 4 illustrates an example multi K-edge attenuation 
curve. 

FIG. 5 illustrates a method. 
With reference to FIG. 1, a computed tomography (CT) 

system 100 includes a generally stationary gantry 102 and a 
rotating gantry 104, Which is rotabably supported by the 
stationary gantry 102. The rotating gantry 104 rotates around 
an examination region 106 about a longitudinal or Z-axis 108. 
An x-ray source 110, such as an x-ray tube, is supported by 
the rotating gantry 104 and emits poly-energetic radiation. A 
collimator 112 collimates the radiation beam to produce a 
generally cone, fan, Wedge or other shaped radiation beam 
that traverses the examination region 106. 
A radiation sensitive detector array 116 detects photons 

that traverse the examination region 106. The illustrated 
detector 116 is an energy-resolving detector such as a direct 

conversion detector (e.g., Si, Ge, GaAs, CdTe, CdZnTe, etc.) 
or a scintillator-based detector that includes a scintillator in 
optical communication With a photosensor. The detector 116 
generates an electrical signal, such as electrical currents or 
voltages, for each detected photon. 
A pre-ampli?er 118 ampli?es the electrical signal output 

by the detector 116. A pulse shaper 120 processes the ampli 
?ed electrical signal and generates a pulse such as voltage or 
other pulse indicative of the energy of the detected photon. An 
energy discriminator 122 energy discriminates the pulse. In 
the illustrated example, the energy discriminator 122 includes 
a comparator 124 that compares the amplitude of the pulse 
With tWo or more different energy thresholds, Which corre 
spond to different energies of interest. The comparator 124 
produces an output signal indicative of the energy of the 
photon based on the comparison. 
A threshold setter 126 sets the thresholds. As described in 

greater detail beloW, the threshold setter 126 may be used to 
set tWo or more of the thresholds in accordance With the 
K-edge energies of elements of interest, such as different 
contrast elements in a contrast agent administered to a patient 
to be scanned. Using tWo or more thresholds tuned to the 
K-edges of tWo or more different Z elements in a given 
contrast agent may increase the sensitivity of the K-edge 
imaging technique. As such, When the system 100 is con?g 
ured With tuneable thresholds, it may be desirable to tune the 
thresholds to the K-edge energies. Of course, thresholds may 
also be set to distinguish betWeen Compton effect and photo 
electric effect components. 
A counter 128 increments a count value for each threshold 

based on the output of the energy discriminator 122. For 
instance, When the output of the comparator 124 for a par 
ticular threshold indicates that the amplitude of the pulse 
exceeds the corresponding threshold, the count value for that 
threshold is incremented. A binner 130 energy bins the sig 
nals and, hence, the photons into tWo or more energy bins 
based on the counts. An energy bin encompasses an energy 
range or WindoW. For example, a bin may be de?ned for the 
energy range betWeen tWo thresholds, Where a photon result 
ing in a count for the loWer threshold but not for higher 
threshold Would be assigned to that bin. 
A signal decomposer 132 decomposes the energy-resolved 

signals into various energy dependent components. For 
example, in one instance a detected energy-resolved signal is 
decomposed into a Compton component, a photo-electric 
component, and a multi K-edge component representative of 
tWo or more K-edge materials in a contrast agent. It is to be 
appreciated that a maximum likelihood or another decompo 
sition technique may alternatively be used. 
A reconstructor 134 selectively reconstructs the detected 

signals. In one instance, this includes reconstructing the 
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4 
Compton, photo-electric, and/or multi K-edge components, 
individually or in combination. For the multi K-edge compo 
nent, the stoichiometric ratio of the contrast elements in the 
contrast agent should be knoWn and constant in order to 
characterize the attenuation of the elements as a function of 
energy. 
A characteriZation bank 136 includes information that 

characterizes the elements contributing to the multi K-edge 
component as such. This information may include a K-edge 
energy of the tWo or more elements, the stoichiometric ratio 
of the elements, etc. Such information is used When recon 
structing the multi K-edge component as described in greater 
detail beloW. 
A general purpose computer serves as an operator console 

138. The console 138 includes a human readable output 
device such as a monitor or display and an input device such 
as a keyboard and mouse. SoftWare resident on the console 
138 alloWs the operator to interact With the scanner 100 via a 
graphical user interface (GUI) or otherWise. 

Such interaction may include selecting a scan protocol 
such as a multi K-edge imaging protocol, setting an energy 
discriminating threshold, etc. 
An object support 140 such as a couch supports a patient or 

other object in the examination region 106. The object sup 
port 140 is movable so as to guide the object With respect to 
the examination region 106 for performing a scanning proce 
dure. 
As brie?y discussed above, the scanner 100 may be used 

for multi K-edge component imaging of at least tWo different 
contrast elements in a contrast agent in a subject or object 
Where the stoichiometric ratio of the elements is knoWn and 
constant. With such an application, at least tWo of the thresh 
olds of the comparator 124 are set in accordance With the 
K-edge energies of the at least tWo different contrast ele 
ments. The folloWing describes an example for a contrast 
agent that includes both iodine and gadolinium for explana 
tory purposes and sake of brevity. It is to be understood that 
other contrast agents including the same or more and/or simi 
lar or different contrast materials are also contemplated 
herein. 

FIG. 2 illustrates a non-limiting example of the comparator 
124 With tWo thresholds set in accordance With tWo different 
K-edge energies for tWo different elements in a contrast 
agent. As illustrated, the comparator 124 includes N sub 
comparators 1241, . . . , 1242, . . . , 1243, . . . , 124N, Wherein 

N is an integer equal to or greater than four. Each of the 
sub-comparators 124 includes a ?rst input, Which receives the 
output of the pulse shaper 120. Each of the comparators 124 
also includes a second input, Which receives a corresponding 
threshold value THl, . . .TH2, . . .TH3, . . . , THN. 

In this example, tWo of the thresholds are respectively set 
based on the K-edge energies of iodine (K-edgez33 keV) and 
gadolinium (K-edgez50 keV). TWo other thresholds are set to 
distinguish betWeen the Compton effect and the photo-elec 
tric effect. Where more or different elements having a desired 
K-edge are present in the contrast, one or more other thresh 
olds may be set accordingly. For example, Where the contrast 
agent includes Gold (K-edgez80 keV), a threshold can be set 
accordingly. Generally, the K-edge energies should fall 
Within the diagnostic imaging range of about 25 keV to about 
150 keV. In one instance, the threshold setter 126 sets at least 
one of the thresholds based on a selected scan protocol. In 
another instance, an operator uses the threshold setter 126 to 
set at least one of the thresholds. 

For each of the comparators 1241, . . . , 1242, . . . , 

1243, . . . , 124N, When the amplitude of the incoming pulse 
exceeds the corresponding threshold, the output of the com 
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parator 1241, . . . , 1242, . . . ,1243, . . . , 124Nchanges state, 

for example, goes from low to high, 0 to 1, or other transition. 
The output of the comparator 124 is fed to the counter 128, 
which increments a count for each threshold based on a state 
transition. 

FIG. 3 illustrates an example signal decomposer 132. The 
following provides an example for the four threshold case, 
which includes two thresholds that can be used to distinguish 
between the Compton effect and the photo-electric effect, a 
threshold for a ?rst K-edge energy and a threshold for a 
second K-edge energy. In this example, the signal decom 
poser 132 receives at least three energy-resolved detection 
signals di, wherein i is an integer, for the different energy bins. 
The detection signal dz. shows a spectral sensitivity D l (E) of 
the i-th energy bin bi. Furthermore, the emission spectrum T 
(E) of the polychromatic radiation source 110 is generally 
known. 

The signal decomposer 132 models the information as a 
combination of the photo-electric effect with spectrum P(E), 
the Compton effect with spectrum C(E) and the multi K-edge 
contrast agent with spectrum K(E). The density length prod 
uct for each of the components, in particular the photo-effect 
component p, the Compton-effect component c and the multi 
K-edge component k, in each detection signal dl is modeled 
in a discrete system in accordance with Equation 1: 

Since at least three detection signals d1, d2 and d3 are 
available for the at least three energy bins b1, b2 and b3, a 
system of at least three equations is formed having three 
unknowns, which can thus be solved with known numerical 
methods. Generally, three energy bins are suf?cient in this 
case. However, using more detection signals for more energy 
bins may increase the sensitivity and noise robustness. If 
more than three energy bins are available, a maximum like 
lihood approach that takes into account the noise statistics of 
the measurements may be used. A suitable maximum likeli 
hood approach is described in connection with “K-edge 
imaging in x-ray computed tomography using multi-bin pho 
ton counting detectors,” E. Roessl and R. Proksa, 2007 Phys. 
Med. Biol. 52 4679-4696. 

The results, in particular the components p, c and k, can 
then be used in order to reconstruct a desired component 
image with conventional reconstruction methods, in particu 
lar for reconstructing a multi K-edge component image. A 
conventional CT image as well as a Compton component 
image and/ or a photo-electric component image may also be 
reconstructed. 
When the stoichiometric ratio of the elements in the con 

trast agent is unknown, Equation 1 can be modi?ed to include 
a K-edge component for each K-edge, for instance, one for 
lodine, one for Gadolinium, etc.A suitable decomposition for 
the individual K-edge components is described in application 
serial number PCT/lB2007/055105, ?led on Dec. 14, 2007, 
which claims the bene?t of provisional application serial 
number EP 06126653 .2, ?led on Dec. 20, 2006, both ofwhich 
are incorporated in their entirety herein by reference. 
When the stoichiometric ratio of the elements in the con 

trast agent is known and substantially constant, the stoichio 
metric ratio of the elements in the contrast agent, along with 
K-edge energies thereof, characterizes the attenuation of the 
combination of the elements as a function of energy. As a 
consequence, the stoichiometric ratio and K-edge energies 
are used during reconstruction to generate a multi K-edge 
component image. The stoichiometric ratio and K-edge 
energy information can be stored in the characteriZation bank 
136 for use by the reconstructor 134. 
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6 
Generally, the stoichiometric ratio and K-edge energies 

provide a unique signature or ?ngerprint for the combination 
of elements. This is illustrated in connection with FIG. 4, 
which shows an attenuation curve 400 as a function of photon 
energy for a 1 :1 mixture that includes lodine and Gadolinium. 
Of course, other mixture ratios (e.g., up to 1:5 or more), 
another number of materials, and/ or other materials are con 
templated herein, and the mixture including lodine and Gado 
linium are shown for explanatory purposes. 

In FIG. 4, the x-axis, axis 402, represents energy (E) in 
units of keV, and the y-axis, axis 404, represents attenuation 
(u) as a function of energy (E). The K-edge of lodine 
(K-edgez33 keV) is shown at 406, and the K-edge of Gado 
linium (K-edgez50 keV) is shown at 408. As such, the attenu 
ation of the contrast agent can be characterized by two dis 
continuities at respective K-edge energies with ?xed 
respective heights. If the stoichiometric ratio were different 
(not 1 :1), for example, two units (e.g., atoms, etc.) of lodine to 
one unit of Gadolinium, then a height-ratio of the K-edge 406 
and 408 in 

FIG. 4 would be twice as high. As a consequence, the curve 
400 can be used as a unique signature for a particular combi 
nation of elements. 

FIG. 5 illustrates a multi K-edge component imaging 
method. At 502, poly-chromatic radiation emitted by a radia 
tion source and traversing an examination region is detected. 
At 504, the detected radiation is energy-resolved and binned 
across different energy windows based on a plurality of 
threshold corresponding to different energies in which at least 
two of the thresholds are set in accordance with the K-edge 
energies of at least two elements in a contrast agent provided 
to a patient prior to scanning the patient. As discussed above, 
this may include four (4) energy thresholds in which two (2) 
of the thresholds are tuned to two different K-edge energies in 
accordance with the dual K-edge material contrast agent. At 
506, the energy-resolved data is decomposed into constituent 
components, including a multi K-edge component represent 
ing two or more K-edge energies corresponding to the at least 
two elements in the contrast agent. At 508, at least the K-edge 
component is reconstructed using the stoichiometric ratio of 
the elements in the contrast agent to generate a multi K-edge 
component image. 
The invention has been described with reference to the 

preferred embodiments. Modi?cations and alterations may 
occur to others upon reading and understanding the preceding 
detailed description. It is intended that the invention be con 
structed as including all such modi?cations and alterations 
insofar as they come within the scope of the appended claims 
or the equivalents thereof. 
The invention is claimed to be: 
1. An imaging system, comprising: 
a radiation source that emits poly-chromatic radiation that 

traverses an examination region; 
a detector that detects radiation traversing the examination 

region and produces a signal indicative of the energy of 
a detected photon; 

an energy discriminator that energy resolves the signal 
based on a plurality of different energy thresholds, 
wherein at least two of the energy thresholds have values 
corresponding to at least two different K-edge energies 
of two different elements in a mixture disposed in the 
examination region; 

a signal decomposer that decomposes the energy-resolved 
signal into at least a multi K-edge component represent 
ing the at least two different K-edge energies; and 

a reconstructor that reconstructs the multi K-edge compo 
nent to generate a multi K-edge image, representative of 
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the different materials, based on a stoichiometric ratio of 
the tWo different elements in the mixture that is known 
and substantially constant. 

2. The imaging system of claim 1, Wherein the stoichio 
metric ratio is in a range of about 1:1 to about 1:5. 

3. The imaging system of claim 1, Wherein the stoichio 
metric ratio and the K-edge energies provide a unique ?nger 
print for the mixture of the tWo different elements. 

4. The imaging system of claim 1, Wherein the tWo different 
elements are part of a single contrast agent. 

5. The imaging system of claim 1, Wherein the signal 
decomposer further decomposes the energy-resolved signal 
into a Compton component and a photo-electric component. 

6. The imaging system of claim 5, Wherein the reconstruc 
tor reconstructs the Compton component and the photo-elec 
tric component to generate a Compton component image and 
a photo-electric component image. 

7. The imaging system of claim 1, Wherein the K-edge 
energies are Within a range from about 25 keV to about 150 
keV. 

8. The imaging system of claim 1, Wherein at least one of 
the K-edge energies is about 33 keV. 

9. The imaging system of claim 1, Wherein at least one of 
the K-edge energies is about 50 keV. 

10. A method, comprising: 
detecting poly-chromatic radiation emitted by a radiation 

source that traverses an examination region; 
generating a signal indicative of the energy of a detected 

photon; 
energy-resolving the signal based on a plurality of different 

energy thresholds, Wherein at least tWo of the energy 
thresholds have values corresponding to at least tWo 
different K-edge energies of tWo different elements of a 
mixture disposed in the examination region, Wherein a 
stoichiometric ratio of the tWo different elements of the 
mixture is known; 

decomposing the energy-resolved signal into at least a 
multi K-edge component representing the at least tWo 
different K-edge energies; and 

reconstructing a multi K-edge image based on the multi 
K-edge component and the stoichiometric ratio to gen 
erate volumetric image data indicative of the tWo differ 
ent elements. 
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11. The method of claim 10, Wherein the stoichiometric 

ratio is substantially constant. 
12. The method of claim 10, Wherein the stoichiometric 

ratio is in a range of about 1:1 to about 1:5. 
13. The method of claim 10, Wherein the stoichiometric 

ratio and the K-edge energies uniquely characterize the 
attenuation behavior of the elements as a function of photon 
energy. 

14. The method of claim 10, further including decompos 
ing the energy-resolved signal into a Compton effect compo 
nent and a photo-electric effect component. 

15. The method of claim 10, further including reconstruct 
ing the Compton component and the photo-electric compo 
nent to generate volumetric image data indicative of the 
Compton component and the photo-electric component. 

16. The method of claim 10, Wherein the mixture includes 
at least a third contrast element, and further including at least 
a third threshold corresponding to the third contrast element; 
decomposing the energy-resolved signal into at least a multi 
K-edge component representing the at least three different 
K-edge energies; and reconstructing a multi K-edge image 
based on the multi K-edge component and the stoichiometric 
ratio to generate volumetric image data indicative of the three 
different elements. 

17. A non-transitory computer readable storage medium 
containing instructions Which, When executed by a computer, 
cause the computer to perform the steps of: 

detecting poly-chromatic radiation traversing the exami 
nation region; 

producing a signal indicative of an energy of a detected 
photon; 

energy discriminating the signal based on a plurality of 
different energy thresholds, Wherein at least tWo of the 
energy thresholds have values corresponding to at least 
tWo different K-edge energies of tWo different elements 
disposed in the examination region; 

decomposing the energy-resolved signal into a multi 
K-edge component representing the at least tWo differ 
ent K-edge energies; and 

reconstructing the multi K-edge component based on a 
stoichiometric ratio of the tWo different elements in a 
contrast agent, Wherein the stoichiometric ratio is knoWn 
and substantially constant. 

* * * * * 


